Methodology for the dynamic analysis of bridges
In order to account for the dynamic nature of the live load stress one can apply various models of calculation. The simplest one is the quasi-static model, which means that the static live load stress is multiplied by the dynamic factor. According to the acting standards for conventional railways [9] , the abovementioned factor is identified by formula:
, for metal superstructure,
, for reinforced concrete superstructure.
It should also be noted that the given formula is of empiric origin, does not account for the speed parameter and holds for designing bridges on conventional railways at speeds of no more than 200 km/h.
European norms [11] define the dynamic factor as a sum total of two items according to the formula:
1 + µ = 1 + µ 1 + µ 2 , for railways with standard track maintenance,
1 + µ = 1 + µ 2 + 0.5·µ 2 , for railways with strict requirements for track maintenance, (4) 1 4 , 0.76, 1 where: µ 1 stand for the addition showing the dynamic interaction of the 'bridge-train' system; µ 2 stands for the dynamic addition accounting for the dynamic phenomena caused by track and wheel defects.
V stands for the operational rolling stock speed, m/s; ν stands for the first base bending frequency of the superstructure, Hz; λ stands for the length of the influence line equal to the length of the beam superstructure span, m.
In European norms, the quasi-static approach to dynamic phenomena implies also the value of speed and dynamic features of the superstructure being calculated. However, it also limits its application to the speed of less than 200 km/h. Limits for oscillation frequency according to the first form are showed on the graph (Fig. 1) . The given frequency range corresponds with the range of the UIC-approved frequencies of the HSR bridge superstructure self-induced oscillations [3] . A comparison of the dynamic factors obtained by formulae from [9] and [11] is presented in Fig. 2 .
To show the abovementioned dependences (Fig. 4) , the highest and the lowest frequency values of the first beam superstructure bending self-frequency ( Fig. 1) were applied. The design speed of the rolling stock is considered to be 200 km/h. On the graph one can see two pairs of curves under conditions of standard and improved track maintenance [8] . Having analysed the graph in Fig. 2 , one can see that the value of the dynamic factor calculated according to the European norms strongly depends on the quality of track maintenance. The most highly pronounced dynamic influence caused by track and wheel defects is exerted to spans of 20 -45 m length with high self-frequencies.
The value of the first superstructure bending self-frequency determines the nature of general interaction between rolling stock and superstructure. For structures with low frequencies one can observe a higher value of the dynamic addition µ 1 than for superstructures with high frequencies.
Thus, the decisive factor for bridge design is identification and rational assignment of the superstructure dynamic features, namely the parameters of the structure mass and rigidity.
Graphs showing dependence of the dynamic factor, which were obtained using Construction Code [9] for reinforced concrete and steel bridges, provide smaller values. This is due to the empiric origin of the given formulae. The empirical values of the dynamic additions were obtained in the middle of the 20th century by testing bridges under a live load moving at a speed of less than 200 km/h [2] . The major specific shortcoming of the Russian standard comparing to the European one is the fact that it does not account for the dynamic phenomena determined by rail and wheel defects as well as for the superstructure dynamic features. It can be explained by predominance of standard superstructure bridges throughout the railway network, which in its turn results in the averaged nature of structural parameters and dynamic features. It should be concluded, then, that such an approach is characterized by a number of serious drawbacks and has to be completely rethought of.
For higher operational train speeds it is necessary to perform direct dynamic calculations of the rolling stock impact on the superstructure. When performing dynamic calculations one can account for the dead load of the superstructure as well as for the live load caused to the structure by the rolling stock.
Standard vertical rolling stock loads used when performing dynamic calculations of artificial structures along the mainline comprise of a set of high-speed trains with design speed of up to 350 km/h. Calculations associated with the impact of high-speed rolling stock should be provided for any of the given trains: 10 trains А1 -А10 (analogue of HSLM -European norms), as well as for actual trains operating on domestic and international high-speed railways. A dynamic task of the 'bridge-train' system interaction is solved mainly by means of computational simulation. Selection of a design model, thus, depends on the task assigned and -as a consequence -on the necessary specification of the 'bridge-train' system elements. It is possible to use various dynamic models [3] :
I. 'Moving powers on a beam' type. The superstructure is simulated with an elastic beam of finite mass and viscous damping, whereas the train is simulated with a system of moving powers (Fig. 3) . Such a model allows to account for the speed effect and to obtain the critical speed values as well as peak values of the superstructure deformations and accelerations.
II.'Moving masses on a beam' type. The superstructure is simulated similar to the model I, whereas the train is simulated with a system of moving masses with elastic and viscous restraints (Fig. 4) . This approach allows to assess the extent of passenger comfort on the basis of acceleration analysis in the car bodies as well as the impact of track and wheel defects on the magnitude of the power of the rolling stock running gear dynamic interaction. When creating a design model for calculating dynamic features of a structure, values of dynamic loads, deformations and responses in elements, one should take into account the following obligatory characteristics [10] :
• train speed;
• span length or influence line length for the element considered;
• structural elements weight; • frequencies of the structure self-induced oscillations according to the corresponding oscillation forms; • number of train axles, axle loads and intervals between axles; • damping of the structure. To provide more detailed simulations and to obtain information on the train cars behaviour the following should be additionally accounted for:
• sprung/unsprung weight and features of the rolling stock suspension;
• presence of elements that locally modify track rigidity (cross-beams, diaphragms, etc.) under track superstructure; • defects of rails and wheels; • track structure rigidity. To calculate slab or beam girders in case there are no places with significant local changes in rigidity (roadway elements) under the roadway slab, the dynamic impact can be presented as a set of concentrated forces ('moving powers on a beam') moving along the structure at a set speed.
For bridges of different structure (frame bridges, arch bridges, truss bridges, etc.) one should perform dynamic calculations with account of interaction between a train and a structure (accounting for sprung/unsprung train weight, train bogie design as well as track structure rigidity and its interaction with the load-bearing part if necessary). In this case the 'moving masses on a beam' model should be applied.
Dynamic live load factor for simply support bridges on high-speed railways
When making calculations for simple span superstructures that are no longer than 60 m and satisfy the validity criteria for Model I, the dynamic high-speed load factor (1+µ 1 ) can be calculated by formula: 
where S p stands for the speed parameter identified by formula:
V (m/s) stands for the design speed; L (m) stands for the design length of simple span superstructure; D stands for the car length of a design train; f 1 (Hz) stands for the frequency of superstructure oscillations according to the first form (for girder simple span superstructures);
Dres' stands for the dynamic high-speed factor at the second resonance speed identified by formula:
Dres stands for the dynamic high-speed factor at the first resonance speed identified by formula: Df stands for the damping parameter identified by formula:
ζ (%) stands for the lowest limit damping according to [10] ; ∆ζ (%) stands for the additional damping [10] .
During the calculation one should identify dependences of the dynamic factor for different values of parameter K (ratio of span length and car length of a design train) on the value of speed parameter Sp for various values of speed V. In the further calculation the maximum value of the dynamic factor (1+µ 1 ) is adopted within the whole range of design speeds.
In order to simplify dynamic calculations of a high-speed train passage along the simple span superstructure of up to 60 m length the dependences of the dynamic factor (1+µ 1 ) on the structure and design train parameters were obtained by means of computational experiments. In Fig. 5 and Fig. 6 one can find the results of computational experiments and the results obtained using the proposed formula. 
Conclusion
According to the proposed methodology of calculation, one should identify dependences of the dynamic factor for different values of parameter K (ratio of span length and car length of a design train) on the value of speed parameter Sp for various values of speed V. In the further calculation the maximum value of the dynamic factor (1+µ 1 ) is adopted within the whole range of design speeds.
